The dispersion of light-absorbing inorganic nanomaterials in transparent plastics such as poly (ethylene-co-vinyl acetate) (PEVA) is of enormous current interest in emerging solar materials, including photovoltaic (PV) modules and commercial greenhouse films. Nanocrystalline semiconductor or quantum dots (QDs) have the potential to absorb UV light and selectively emit visible light, which can control plant growth in greenhouses or enhance PV panel efficiencies. This work provides a new and simple approach for loading mesoporous silica-encapsulated QDs into PEVA. Highly luminescent CdS and CdS-ZnS core-shell QDs with 5 nm size were synthesized using a modified facile approach based on pyrolysis of the single-molecule precursors and capping the CdS QDs with a thin layer of ZnS. To make both the bare and coreshell structure QDs more resistant against photochemical reactions, a mesoporous silica layer was grown on the QDs through a reverse microemulsion technique based on hydrophobic interactions. By careful experimental tuning, this encapsulation technique enhanced the quantum yield (∼65%) and photostability compared to the bare QDs. Both the encapsulated bare and core-shell QDs were then melt-mixed with EVA pellets using a mini twin-screw extruder and pressed into thin films with controlled thickness. The results demonstrated for the first time that mesoporous silica not only enhanced the quantum yield and photostability of the QDs but also improved the compatibility and dispersibility of QDs throughout the PEVA films. The novel light selective films show high visible light transmission (∼90%) and decreased UV transmission (∼75%).
Introduction
Polymer-inorganic nanocomposites are of significant scientific and technological interest in recent years [1] . These inorganic nanomaterials, even at very low concentrations, can strongly change the macroscopic properties of the polymer matrix, while providing high-performance emerging materials [2] [3] [4] . Recently, transparent polymer nanocomposite films with UV blocking properties have attracted substantial research and technological interest in emerging solar materials, including photovoltaic (PV) modules and commercial greenhouse films [5, 6] . UV radiation absorbed by these polymer films causes photochemical degradation by leading to bond cleavage and depolymerization. To minimize the degradation there is a wide variety of UV stabilizers that are commonly used, such as UV absorbers, nickel quenchers, and hindered amine light stabilizers (HALS) etc [7, 8] . However, little information is available about their incorporation into the polymer matrix. In addition, uniform distribution, longterm stability, transparency of the films, and lowering cost are still major concerns [9] . Polymer films with luminescent nanomaterials offer a useful and promising approach to improve solar energy harvesting and increase the efficiency of solar devices [10, 11] . Among different luminescent materials, semiconductor nanocrystals (NCs), also known as quantum dots (QDs), have drawn enormous research interest, arising from the benefits of their unique size-and shapedependent optical properties, which are very different from their bulk counterparts due to the quantum confinement effect [12] . QDs can efficiently convert undesirable higher-energy UV radiation into desirable lower-energy visible wavelengths which is beneficial for their application as greenhouse films, photovoltaic (PV) encapsulants, etc [13, 14] . Compared to bare QDs, core-shell structured QDs with a thin shell of a higher band gap element are advantageous and have been shown to enhance photo-physical properties [15] [16] [17] [18] . This is attributed to the surface defects in the core acting as temporary 'traps' for the electron, hole or excitons, quenching radiative recombination and reducing the quantum yield (QY) [19] .
For further processing of either bare or core-shell QDs, including incorporation into polymers, the QDs need to be stabilized [14, 20] . The earliest approach to stabilize the QDs is to exchange the hydrophobic surface of QDs by surface functionalizing ligands with desired functionalities [13, 14, 21] . However, long-term photostability of these capped QDs is limited [22] . The selection of organic ligands that bond with surface atoms of the QDs is also a very delicate issue and coverage of surface atoms may cause steric hindrance effects [19] . Another approach is encapsulation by silica, a biocompatible material which is chemically inert and optically transparent, providing both chemical and physical shielding between the QD surface and the surrounding environment. Other advantages of silica coating are that it can prevent aggregation and photo-oxidation of QDs and that it can reduce the release of cytotoxic ions; moreover, the silica surface can be modified or conjugated with different functionalities for linking to polymeric species and biomolecules [15, [23] [24] [25] . Mesoporous silica reveals several key structural features, such as large surface area, high pore volume, uniform and tunable pore size, stable and rigid mesoporous framework and facile surface functionalize potential [16, 26] . In previous works, most attention has been paid to fabricating and tuning the silica shell but the achieved quantum efficiencies were not well retained [27, 28] . Therefore, controlling the distribution of QDs at the core, avoiding aggregation and non-radiative emission, and then growing a silica shell that can improve their quantum efficiency are still major concerns.
Despite the potential UV absorption capacity of QDs, their uncontrollable sizes, aggregation tendency, inconsistent photoluminescence, and degradation under prolonged photoexcitation have hindered recent progress of QDs in composites [21, 29] , thus requiring new approaches. By using a facile technique, uniform distribution of QDs into polymer films without compromising their transparency and desired light transmittance is also a major challenge. For this work, we were particularly interested in EVA films to integrate photostable QDs. Since the earliest days of PV manufacturing, EVA films have been found the main and ideal encapsulants for PV modules [30] . EVA plastic films are also widely used as commercial greenhouse coverings [31] . EVA, a semi-crystalline polymer, provides excellent transparency due to its vinyl acetate component, durability, structural support, low water absorption and high electrical isolation properties [32] . Recently, we have integrated silane functionalized QDs directly during in situ polymerization of ethylene and vinyl acetate under supercritical carbon dioxide (scCO 2 ) [14] , where aggregation and lack of using commercial EVA (ethylene-co-vinyl acetate) resins were the issues of this synthesis approach. However, this approach requires in situ polymerization. We have also reported recently a simple meltmixing procedure for surface-functionalized QDs loading in EVA resins retaining high visible light transmission and decreased UV transmission [13] . Although the optical properties were improved significantly in that work, we found the major challenges were photostability and consistent photoluminescence. This led to a new approach to stabilize these materials for long-term applications.
Since EVA shows high compatibility with fillers and additives [33] , by integrating QDs with a controlled thickness of silica in EVA, it is not only possible to enhance quantum yield and photostability of the QDs but also to improve the compatibility and dispersibility of QDs throughout the EVA films as well as the stability of the films. No reports have been published on mesoporous silica-encapsulated QDs loaded into EVA using a melt-mixing approach, especially for applications in greenhouse coverings or PV encapsulants.
In the present work, highly photoluminescent and monodispersed CdS bare and CdS-ZnS core-shell quantum dots were prepared by using a facile and modified (changed reaction temperature and duration) colloidal synthesis approach. Then a novel concentration-dependent nanoencapsulation was done for both types of QDs in mesoporous silica, with the photo-physical properties examined including morphology, absorption and emission, quantum yield, photostability, etc. It was hypothesized that the polar siloxyl group of the silica nanoparticle surface would improve the dispersibility of the QDs in the EVA polymer network. These nanomaterials were then melt-mixed into EVA resins in a mini twin extruder, and then pressed into variable thickness thin films, which were characterized in terms of their morphology and optical properties including UV and visible light transmission.
Experiment

Materials
All the reagents were used without further purification unless stated otherwise. Argon (ultra-high purity, 99.9%, PRAX-AIR), cadmium chloride, sodium diethyldithiocarbamate trihydrate, zinc diethyldithiocarbamate (98%), trioctylamine (TOA) (98%,), trioctylphosphine (TOP) (97%), anhydrous ethanol (⩾99.5%), methanol (⩾99.9%), and toluene (⩾99%) were purchased from Sigma-Aldrich, Canada and were used for the synthesis of bare CdS and CdS-ZnS core-shell quantum dots. Cyclohexane (99%), chloroform (99.8%), 1-hexanol (98%), tetraethyl orthosilicate (TEOS), ammonia solution (28%), also purchased from Sigma-Aldrich, Canada and were used for the formation of mesoporous silica nanoparticles. Ethylene vinyl acetate copolymer (Ateva ® 1075 with 9 wt% vinyl acetate content) was provided by AT Plastics, Canada.
Synthesis of CdS and CdS-ZnS QDs
Both bare (CdS) and core-shell (CdS-ZnS) QDs were prepared by following a minor modification by changing the reaction temperature and duration of a single-molecular precursor method reported previously [14, 34] . To formulate the cadmium precursor, Cd[S 2 CN(C 2 H 5 ) 2 ] 2 for QD synthesis, equimolar (0.1 M) aqueous solution of sodium diethyldithiocarbamate and cadmium chloride were mixed under vigorous stirring. The rapid reaction proceeds yielding a white precipitate that was collected using vacuum filtration. Further purification was achieved by washing with distilled water, and then dried in a vacuum oven overnight at 50°C. For QD synthesis, in a 250 ml three-necked flask under argon, when the temperature of 50 ml of trioctylamine (TOA) was stable at 235°C, a solution of 1 g of Cd[S 2 CN(C 2 H 5 ) 2 ] 2 in 18 ml of trioctylphophine (TOP) was rapidly injected into the flask and continued heating for 15 min During cooling at approximately 75°C, a large excess of methanol was added followed by separation of the quantum dots through centrifugation. The nanoparticles were then dispersed into toluene and washed with methanol following by at least three rounds of centrifugation. In the case of the core-shell (CdS-ZnS) QDs, the temperature of TOA was maintained at 220°C for 10 min after addition of the cadmium diethyldithiocarbamate solution; then a solution of 0.4 g of Zn[S 2 CN(C 2 H 5 ) 2 ] 2 in 6 ml of TOP was slowly added dropwise. After 15 min the reaction mixture was cooled and the product separated and washed by following the same method described for the CdS QDs.
Mesoporous silica encapsulation of QDs
The encapsulation reaction was carried out by following the water-in-oil microemulsion (also called reverse microemulsion) method based on sol-gel chemistry. A homogeneous mixture of surfactant in oil phase was prepared by adding 2.6 ml of triton X-100 (surfactant) and 2.5 ml of 1-hexanol (co-surfactant) in 20 ml of cyclohexane (oil). After 15 min of addition of 1 ml of water, 800 μl of the QDs solution (5 mg ml −1 in chloroform) was also mixed under magnetic stirring at the ambient temperature. Then 160 μl of TEOS as silica precursor was added to the microemulsion. After 1 h, 300 μl of ammonia solution (28%) was added slowly as a catalyst of TEOS co-hydrolysis and silica polymerization. The reaction mixture was then stirred at the same temperature for 24 h. To separate and purify the desired nanoparticles, 30-50 ml of acetone was added to break the emulsion and followed by ultrasonication for 2-3 min and centrifugation at 6500 rpm for 10 min Finally, the resultant NPs were washed at least three times with ethanol, acetone and water 1:1:1 and fridge-dried for a couple of hours.
Mesoporous silica encapsulated QDs-EVA nanocomposite films
Both the encapsulated bare and core-shell QDs were integrated into EVA resins through melt-mixing. Five grams of EVA pellets were added to a Thermo Scientific HAAKE Mini-Lab II twin-screw micro-compounder at 130°C. The virgin PEVA was melted and cycled for 5 min at 50 rpm. Different loading concentrations (0.1%, 0.2%, 0.5%, and 1% by weight) of encapsulated CdS and CdS-ZnS QDs were added to the melted PEVA and left to cycle for a further 15 min in the extruder. The resulting blend (0.03, 0.075, 0.15 g for 100, 250, and 500 μm films respectively) was pressed into thin films using a Spectra-Tech universal film maker (UFM) kit and Carver hydraulic press. The platens of the UFM with samples in the desired thickness spacer were heated to 120°C and placed under 2500 psi for 5 min The films were left under pressure without heat for a further 10 min and then cooled for 5 min in a cooling chamber.
Material characterization
X-ray diffraction (XRD) in a Bruker D2 Phaser bench-top x-ray powder diffractometer using Cu Kα radiation (λ for Kα = 1.54 059 Å) at 30 kV and 10 mA was used to investigate the crystalline structure and chemical composition. Dry powder samples were used with patterns collected in stepscan mode with a small grazing angle of incident x-ray with a 2θ scan range of 10-80 and a step size of 0.25. Estimates for particle size were calculated for a reference peak from the XRD diffraction pattern using the DiffracEVA software provided by Bruker. Transmission electron microscopy (TEM) images were recorded on a Philips CM10 transmission electron microscope to image the mesoporous silica-encapsulated QDs and to observe their size and shape at 80 kV. The TEM samples were prepared by drop-casting ethanol-dispersed samples on a copper grid covered with carbon film. High-resolution transmission electron microscopy (HRTEM) images of both the bare and core-shell QDs were recorded with a JEOL 2010F FEG TEM/STEM at the Canadian Center for Electronic Microscopy (McMaster University, Hamilton Ontario) operated at 200 kV. Scanning electron microscopy (SEM) was also done to study the morphology of silica nanoparticles by using a LEO(ZEISS) 1540XB FIB/SEM. Samples for SEM imaging were prepared by applying the nanopowder directly to aluminum stub on carbon adhesion tape. Elemental composition of QDs inside silica was confirmed and quantified using the energy dispersive x-ray detection (EDX) feature of the SEM. A Shimadzu UV-3600 UV-vis-NIR spectrophotometer was used to measure the absorption spectrum of the QDs dispersed in toluene and encapsulated QDs dispersed in ethanol. A PTI photoluminescence (PL) spectrophotometer was used to measure the PL emissions of QDs before and after encapsulation. Photostability of the QDs was investigated using a Fluorolog-3 spectrofluorometer. The Brunauer-EmmettTeller (BET) surface area and pore size were determined from nitrogen adsorption and desorption isotherm data obtained at 77 K. BET experiments were carried out with a constant volume adsorption apparatus (Micromeritics TriStar II 3020) with N 2 gas (99.995% pure; obtained from Praxair, Canada). The silica nanoparticle sample was degassed at 150°C overnight before measurements.
The integrated sphere compartment of a Shimadzu UV-3600 UV-vis-NIR spectrophotometer was used to measure the light transmittance and haze values of the film samples. Infrared spectra were collected from 700 to 1400 cm −1 using a Nicolet 6700 FTIR spectrometer for the thermicity calculations. A ZEISS LSM 5 Duo confocal microscope was used to take transmission and fluorescence images of the experimental films using an argon laser at 488 nm. A small section of surface film areas of approximately 500 μm were scanned using an objective of 20× magnification. A Veeco diMultiMode V atomic force microscope (AFM) was used to image the surface topography, roughness, and phase of the experimental films. The images were taken in tapping mode using an E scanner. Surface roughness and height values were calculated using Nanoscope V7.30 program software.
Results and discussion
Morphology of QDs and mesoporous silicaencapsulated QDs
The XRD pattern of bare CdS and CdS-ZnS core-shell QDs are shown in figure 1(a) . Crystalline structure and approximate particle size of both types of QDs were determined using XRD analysis. The bare CdS QDs show major diffractions consistent at 2θ values of 24, 26, 29, 36, 44, 48 , and 53, matched perfectly with the (100), (002), (101), (102), (110), (103), and (112) of the hexagonal wurtzite structure of CdS (ICDD PDF 02-1310) [17, 35] . Splitting to three peaks in the 24-30 2θ°region represents the formation of hexagonal crystallinity rather than a single broad peak representing the cubic CdS QDs [36] . It has also been reported that heat treatment or high temperature (∼500°C) calcination after synthesis is required to change the crystallinity of CdS from cubic to hexagonal [36] . However, by using this modified colloidal synthesis approach, hexagonal CdS was prepared directly at a comparatively lower reaction temperature. In the case of the CdS-ZnS core-shell QDs, the influences were observed for prominent peaks (111), (220), and (311) of the zinc-blended ZnS nanocrystals (ICDD PDF 05-0566) [37] . Since the Cd +2 and Zn +2 ions have the same total ionic charge and their radii are similar, no alteration took place in the form of crystal structures. After core-shell formation, no peak broadening or intensity lowering was observed, which is attributed to the high degree of crystallinity from the presence of the thin ZnS shell, which can preserve the quantum properties of the hexagonal CdS core [23] . Based on the Debye-Scherrer equation, the average particle size for CdS and CdS-ZnS QDs was calculated as 5.9 and 5.1 nm respectively, using the (110) peak. The CdS-ZnS QDs were found to be smaller than the CdS samples despite the addition of the ZnS shell, due to the lower reaction temperature and time employed in the synthesis of the CdS core. In the case of the core-shell QDs, the reaction temperature was changed to 220°C compared to 180°C as previously reported [14] . During injection of CdS precursor (at ambient temperature) to the reaction mixture at 180°C, the temperature was found to drop below 180°C for the first couple of minutes, minimizing the nucleation and crystal growth of core QDs.
As shown in figure 1(b) , both bare and core-shell QDs encapsulated with mesoporous silica showed all the characteristic peaks of QDs. In addition, peak broadening was observed at 2θ values between 20°and 30°, demonstrating the presence of an amorphous silica shell on the surface of the nanocrystals. In the case of MSNs, only a single broad peak was observed at the same region, confirming the formation of amorphous silica materials, which is consistent with recently reported literature [38] . Therefore, the XRD results support the fabrication of QDs encapsulated in MSNs without compromising the crystallinity.
The morphology of both types of QDs was studied using HRTEM as shown in figures 2(a)-(b) . Both samples were present in a dispersed state, showing the formation of individual nanoparticles, although better particle separation was observed after core-shell formation. Here, the thin shell of ZnS minimizes the surface crystal defect and aggregation tendency of CdS. The average particle size was found as 6 ± 0.5 nm and 5 ± 0.4 nm for bare and core-shell QDs respectively. The average sizes obtained from XRD analysis and TEM matched each other. From the lattice fringes of the micrograph of CdS or the core part of CdS-ZnS, the interplanar spacing (d) was estimated to be 3.6 Å, which is correlated to the hexagonal phase [19] that also corroborates the finding from the XRD patterns.
The formation of spherical nanoparticles after mesoporous silica encapsulation of both bare and core-shell QDs with a narrow size distribution was directly visualized by TEM. Figure 2 (c) inset shows the core-shell nanostructure formation with QDs mostly in the core encapsulated in the MSN shell. The surface of silica is rather smooth and uniform with narrow size distribution, and no aggregation was observed. The average particle size was 60 ± 5 nm with core size from 35 ± 5 nm. The incorporation of hydrophobic QDs within silica spheres follows the hydrophobic interaction mechanism in which a non-ionic surfactant enables the transfer of the QDs to the hydrophilic interior of micelles where the silica growth takes place [25] . SEM-EDX elemental analysis (figure 3) confirms the successful encapsulation and presence of QDs in the silica spheres. BET analysis was also carried out to evaluate the mesoporous structure of silica and it was found that after QD loading, mesoporous silica can retain its high surface area (950 ± 50 m 2 g −1 ) and mesoporous pore size (3.8 ± 0.4 nm).
Scheme 1. Schematic illustration of mesoporous silica encapsulation of QDs by using a water-in-oil microemulsion technique based on hydrophobic interaction, and melt-mixing of silica-encapsulated QDs with PEVA to form light-selective polymer nanocomposite films. Figure 1 . Powder x-ray diffraction pattern: (a) CdS quantum dots of hexagonal structure and CdS-ZnS zinc-blend quantum dots, (b) mesoporous silica nanoparticles, mesoporous silica-encapsulated CdS and CdS-ZnS QDs.
Optical properties of QDs and mesoporous silicaencapsulated QDs
The optical properties of both QDs with and without encapsulation in mesoporous silica were studied using UV-vis absorption spectroscopy and photoluminescence ( figures 4(a)-(d) ). Both QDs showed a broad and continuous excitation spectrum in the UV range and lower wavelength visible range with corresponding absorption edges at 455 and 410 nm for CdS and CdS-ZnS QDs respectively ( figure 4(a) ). Their broad absorption spectra have made QDs unique and more feasible compared to fluorescent organic dyes because organic dyes suffer narrow absorption spectra, requiring excitation within a narrow window of wavelengths [22, 39] . The absorption edge of core-shell QDs shows a blue shift of around 45 nm compared to the bare QDs. This blue shift is attributed to the smaller particle size of the core-shell QDs due to the reduced reaction time during synthesis. Another reason is because of a lower band gap; both the conduction and the valence bands of CdS are located within the energy gap of the ZnS. Typically, electron-hole pairs tend to localize in the semiconductor with lower band gap, in this case CdS. As a result, the increased potential well can lead to an increase of the transitional energies with respect to the CdS core and a blue shift of the absorption spectra [17] . For an excitation at 380 nm, PL emission spectra were observed in the visible region for both CdS and CdS-ZnS QDs ( figure 4(c) ). Consistent with the absorption behavior, the core-shell QDs display a blue shift of around 8 nm. Silica is transparent under UV and visible light; therefore the absorption and emission behavior was almost the same except a slight red shift occurred after silica encapsulation of QDs. Similar observations have been reported in the literature for silica encapsulation of II-VI semiconductor QDs [24, 40, 41] . This red shift is also good evidence for avoiding any oxidation of the core surface of the QDs. During encapsulation, the surface of the QD core sometimes oxidizes and this oxide layer shrinks the effective size of the QDs giving higher exciton confinement, resulting in higher energy or lower wavelength emission (blue shift) [42] .
Photostability (change of emission intensity under continuous exposure of excited light) was further determined as shown in figure 5(a) . After 6 min continuous exposure, the fluorescence intensity of core-shell QDs was reduced by 20% compared to the bare QDs by 30%. This is because the bare CdS is very reactive and can be oxidized resulting in a CdSO x oxide layer which switches between fluorescent and nonfluorescent states despite continuous illumination.
The ZnS shell suppresses the photochemical degradation of CdS, protecting the exciton wavefunction from nonradiative recombination processes as surface traps [39] . However, ZnS capping alone is not sufficient to stabilize the core since for some QDs the ZnS layer is likely imperfect. This poor ZnS layer can be permeable to oxygen, resulting in oxidation of the CdS core [23] . The mesoporous silica encapsulation process minimizes the defect at the ZnS surface and CdS/ZnS interface, protecting both types of QDs from photobleaching by oxidation.
Based on the absorption intensity and emission peak area, the fluorescence quantum yield (QY) was calculated by using the following equation [29] :
Here Rhodamin 101 was used as a reference whose QY is known (99%). Due to hexagonal crystallinity and better monodispersity, the QY of CdS was increased significantly, up to 25% ( figure 5(b) ). This increase of QY was almost doubled after ZnS thin-shell formation, which would help minimize the surface crystal defect and aggregation tendency of CdS. It was previously reported for II-VI QDs the QY is mostly around 10% and by capping with higher bandgap semiconducting material it was increased up to 25% [12, 18, 43] . Normally, the QY decreases after encapsulation [28] . By using a thin shell of ZnS as a protector of the hexagonal CdS core and then proper silica encapsulation, the QY was enhanced significantly. Mesoporous silica encapsulation prevents QDs from aggregation, as the QDs are dispersed within the porous network of the silica nanoparticles' core. By encapsulating the QDs within silica, the nonradiative recombination centers of the QD surfaces decrease and the radiative recombination becomes dominant over nonradiative recombination resulting in more fluorescence emission [27] .
Dispersion of mesoporous silica-encapsulated QDs into EVA films
As described in scheme 1, the investigated QDs were meltmixed into EVA using a twin-screw extruder. SEM was used first to image the surface of the films but due to the very small size of the particles, the surface morphology was not very clear (shown in figure S1, supplementary information) . Then the distribution of QDs and surface properties (topography and phase) of the experimental light selective films were examined using atomic force microscopy (AFM). The images were taken in tapping mode to avoid surface damage or deformation of the samples. Figures 6(a)-(d) show the height/ amplitude and phase images for neat EVA films and EVA films containing 0.5% encapsulated CdS-ZnS QDs. The neat EVA films displayed consistent surface features (figures 6(a)-(b)); however, significant variations observed in height and phase images after QD loading (figures 6(c)-(d)) result due to varying material density. The circular topography features in figure 6 (c) represent the spherical silica encapsulated QD nanoparticles which are well dispersed throughout the polymer films without particle aggregation. This surface feature was consistent from one region to the next and the size range was also very similar (∼60 nm), which helps corroborate the TEM and SEM results.
It was previously reported that for dispersion of QDs in polymer films, the QDs need to be stabilized by ligand exchange [13, 44] . This approach still makes it difficult to control the QD aggregation, particularly for a long material application life span. However, here the silica-encapsulated QDs show excellent compatibility with EVA, removing the need for ligand exchange. Electron microscopy (SEM, TEM, AFM) imaging methods give an indication of particle dispersion only on a single plane of the surface, and are insufficient to confirm the distribution throughout the entire film thickness [13] . Therefore, a laser scanning confocal microscope (LSCM) was used to examine the distribution of nanoparticles throughout the entire film. Here, the focal planes were excited with an argon laser causing the QDs dispersed in the polymer matrix to be identified as bright dots by their emission. An increase in bright dots with increasing loading concentration for both types of bare and core-shell QDs in EVA films was observed (fluorescence images shown in supplementary information). Then, a 3D depth profile of the entire film thickness was produced by accumulating individual optical planes, as shown in figure 7 .
From the bright green dots of these images it can be seen that the QDs are well dispersed throughout the thickness of the film. Because of silica encapsulation, both bare CdS and core-shell CdS-ZnS QDs show similar dispersion behavior in the light-selective polymer films. Normally, polymer/inorganic filler nanocomposites are prepared through solution mixing and to get even a milligram of product can take more than a day [4, 45] . Also, slow solvent evaporation will inevitably introduce aggregation of filler particles into the polymer matrix. The utilized facile melt-mixing approach reported here is more feasible and economic for large-scale production. The additional solvent evaporation step is not necessary but particles can be distributed throughout the polymer matrix to avoid aggregation.
Optical properties of mesoporous silica-encapsulated QDs into EVA films
The optical properties of the experimental EVA films were investigated using UV-vis spectroscopy with an integrated sphere compartment. Figure 8 shows the total light transmission in the UV and visible region for experimental films of different thickness with and without loading encapsulated CdS-ZnS QDs into EVA for a loading concentration of 0.5%. For other loading concentrations, the transmittance behaviors for both types of QDs are summarized in table 1. Both before and after nanoparticle loading, the transmittance decreases with increasing thickness of the films. This is consistent with the Bouguer-Lambert-Beer law, as the absorbance of a film is directly proportional to the film thickness [46] .
The experimental films gave excellent visible light transmittance in comparison to the previously reported commercial greenhouse films [13] even at high loadings up to 1%. Since the spectrophotometer scans the transmittance at the same wavelength as that of the incident light starting from higher wavelength towards lower wavelengths, there was no peak observed in the visible light range at wavelengths higher than 470 nm. The UV transmittance in the case of neat EVA films is seen to be very high, almost 100%. In contrast, when loading QDs into the EVA films, a decreasing trend is observed starting from 470 nm, which becomes more prominent in the UV region. This pattern is consistent with the absorption behavior of the QDs as shown in figure 4 .
For the same thickness, the visible transmittance of EVA films with and without QDs loading was found similar up to a loading concentration of 1.0%.
The experimental light-selective nanocomposite films containing only a small amount of QDs@MSNs also showed high UV-shielding efficiency. When the QDs@MSNs concentration was increased from 0.1 to 1%, the UV-shielding performance of the EVA films increased significantly (figure 9) and their transparency remained very high (more than 80% for 500 μm film and more than 85% for thicknesses less than 250 μm). These were almost the same as the plain EVA film. In the absence of QDs, MSNs (transparent under UV-visible light) incorporating EVA films showed almost similar UV transmission behavior as neat EVA films (figure 9, curve II). Compared to the bare CdS QDs, UV shielding is greater in the case of the core-shell CdS-ZnS QDs, as shown in table 1. The UV absorption capacity of both of these experimental films was better than similar films with bare QDs or functionalized QDs even with higher loading concentrations [13, 47] . This is attributed to the mesoporous silica improving the photostability of QDs as shown in figure 5(a) . Mesoporous silica encapsulation also enhances the quantum yield of QDs ( figure 5(b) ), so a large fraction of this absorbed UV light is ultimately emitted as visible light, which is more desirable. Therefore, by using these novel light-selective films we are getting visible light not only by transmission, but also by emission. In this work, after incorporating mesoporous silica that encapsulated both the CdS and CdS-ZnS QDs, the diffuse transmission (haze) was also increased 20-50%, without reducing the total visible light transmission through the film (table 1) . Haze increased with increasing filler concentration from 0.1% to 1.0%, and film thickness from 100 μm to 500 μm (table 1).
Conclusions
In summary, a facile and modified method for the synthesis of monodispersed and highly fluorescent bare CdS and coreshell CdS-ZnS QDs has been reported. Then both types of QDs were encapsulated in mesoporous silica through a simple microemulsion technique. The photo-bleaching properties of both the bare and core-shell QDs were prevented by the silica encapsulation layer under continuous exposure of UV light. Total UV and visible light transmittance spectra of (I) neat EVA film of 100 μm thickness, and EVA films with mesoporous silica encapsulated CdS-ZnS QDs of different thickness (II) 100 μm, (III) 250 μm, and (IV) 500 μm (loading concentration: 0.5%).
In addition, the encapsulated QDs can still emit visible light under excitation with UV radiation, enhancing the photoluminescence and quantum yield. The silica-encapsulated QDs nanoparticles were easily incorporated into EVA copolymer matrix by melt-mixing in a twin-screw extruder. Silica-encapsulated QDs showed excellent compatibility with EVA by AFM analysis. The experimental films of different thickness were prepared for both types of QD samples at different loading concentrations. The light-selective films with bare CdS QDs with encapsulation showed improved optical properties, showing a decrease of UV transmission and increase of diffuse transmission by retaining high visible light transmission. These optical properties were further enhanced in case of core-shell CdS-ZnS QDs, as the thin ZnS shell prevented the surface defect of core CdS. Therefore, these novel nanocomposite films with light-selective 
